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Abstract: Highly transparent 0.5 and 1.0 at% Pr-doped Y2O3 ceramics were fabricated by vacuum
sintering plus hot isostatic pressing (HIP) treatment. The selection of suitable pre-sintering
temperatures and right microstructures before HIP was critical to obtain high density of the final
sintered bodies. The well-densified ceramics had pore-free microstructures with an average grain size
of about 1 μm. It was also found that the charge states of the Pr ions could be changed through
regulating the annealing atmospheres, resulting in different absorption and emission characteristics in
the visible wavelength region. Annealing in reducing atmosphere (5% H2/95% Ar) favored the
formation of Pr3+, resulting in stronger red emissions, while annealing in oxygen atmosphere led to the
rise of lattice constant due to the concentration increase of oxygen interstitials. The H2/Ar-annealed
0.5 at% Pr:Y2O3 ceramics exhibited strong red emission at 600–675 nm, which may be a promising
gain material for red solid-state lasers.
Keywords: praseodymium ions (Pr3+); Y2O3 ceramic; valence state; defect state; optical properties

1

Introduction

Red light emission solid-state lasers have attracted much
attention for their applications in display, projection,
data storage, and medical treatment [1,2]. In addition,
frequency-doubling of red emissions can also be used
to obtain continuous-wave (CW) ultraviolet laser radiation
* Corresponding authors.
E-mail: J. Wang, jwang025@e.ntu.edu.sg;
J. Ma, jiema07@gmail.com

[3]. The excitation of trivalent praseodymium ions
(Pr3+), as one of the effective routes to emit red laser,
has been extensively investigated mainly in fluorides
such as Pr3+-doped LiYF4 [4], LaF3 [5], BaY2F8 [6],
LiLuF4 [7] crystals, and ZBLAN fibers [8,9].
In recent years, Y2O3 has shown great prospects in
the field of high-power lasers, owing to its low phonon
energy, low thermal expansion coefficient, and high
thermal conductivity [10,11]. It is one of the ideal host
materials for rare-earth (RE) ions, Yb3+, Nd3+, Pr3+, etc.
[12–14]. However, since the melting point of Y2O3
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exceeds 2400 ℃ [15], it is difficult to grow high
quality Pr:Y2O3 single crystals for red solid-state laser
applications. Fortunately, it is practicable to fabricate
large-size and high transparency Y2O3 laser ceramics at
much lower temperatures (1400–1800 ℃) [16], making
Pr:Y2O3 transparent ceramics another promising gain
medium for red solid-state lasers.
In the past decade, there have been a few studies on
the Pr-doped Y2O3 ceramics. In 2011, Yang et al. [17]
fabricated Pr:Y2O3 transparent ceramics, with an
in-line transmittance of above 60% in the wavelength
range of 450–1200 nm. In 2014, Katayama et al. [18]
observed the Pr3+:1D2 → 3H4 fluorescence transition
(centered at ~630 nm) in Pr:Y2O3 ceramics and found
that the emission band was broadened with the increase
of Zr content. However, the optical quality of the
Pr:Y2O3 transparent ceramics obtained to date was not
high enough for laser operations. To achieve high power
solid-state lasers, ceramic gain medium with high in-line
transmittance and good optical homogeneity should be
available. Unfortunately, the sintering of high density
Pr:Y2O3 ceramics was a challenge because it is difficult
to constrain the exaggerated grain growth of Pr:Y2O3
ceramics during the final-stage sintering [19]. Therefore,
to obtain Pr:Y2O3 ceramics with high optical quality, it
is necessary to study the densification and grain growth
behaviors of the samples in detail.
Meanwhile, the valence states of Pr ions in oxides
tend to be sensitive to different heat treatment processes,
especially the sintering or annealing atmosphere [20].
It is known that Pr3+-doped sesquioxides can be excited
and generate emission centered at around 630 nm,
thanks to the 1D2 → 3H4 transition of Pr3+ [21]. However,
the Pr3+ ion can also be oxidized to a higher valence
state (Pr4+). It has been reported that the temperature
for activating valence change of Pr in oxides could be
as low as 700 ℃ [20]. However, until now, there have
been few reports discussing the relationships among
the fabrication process, valance states, and optical
properties of Pr-doped sesquioxide ceramics.
In this study, Pr-doped Y2O3 transparent ceramics
were sintered by the combination of vacuum sintering
and hot isostatic pressing (HIP). Through controlling
the sintering conditions, the fabricated Pr:Y2O3 ceramics
exhibited good optical quality, which is promising in
view of laser applications. Meanwhile, the effect of
annealing atmosphere on the valence states of Pr ions,
and the defect states and optical properties of Pr:Y2O3
ceramics were discussed.

2
2. 1

Experimental
Ceramic fabrication

Firstly, commercial Y2O3 (purity ≥ 99.99%, Jiahua
Advanced Material Resources Co., Ltd., China) and
Pr6O11 (purity ≥ 99.99%, Rarechem. Co., Ltd., China)
powders were dissolved in dilute nitric acid solution.
Afterwards, the obtained Y(NO3)3 and Pr(NO3)3
solutions were mixed according to the stoichiometric
ratios of (PrxY1−x)2O3 (x = 0.005 and 0.01). Then the
Pr:Y2O3 precursor was synthesized by spraying the
precipitant solution (2 M NH4HCO3 and 1.5 M NH4OH)
into the (Y,Pr)(NO3)3 solution at a rate of 10 mL/min.
The by-products of the precursor were diminished after
repeated rinsing and filtering with deionized water and
ethanol. After drying at 70 ℃ for about 48 h, the precursor
cake was crushed and sieved through a 140 mesh. Then
the precursor powder was calcined in a muffle furnace
at 1200 ℃ for 5 h. The obtained powder was firstly
uniaxial pressed into ϕ12 mm disks under the pressure
of about 10 MPa, and then the compacts were
subjected to cold isostatic pressing (CIP) at 200 MPa.
The green bodies, with the thickness of about 8 mm,
were sintered under vacuum at different temperatures
from 1450 to 1530 ℃ for 7 h, and then followed by
HIP at 1450 ℃ for 3 h under 200 MPa in argon (Ar)
gas. After sintering, the average diameter of Pr:Y2O3
ceramics shrank to around 8.2 mm. Then the ceramics
were annealed in flowing oxygen or reducing atmosphere
(5% H2/95% Ar) at 1250 ℃ for 10 h. Finally, the
Pr:Y2O3 ceramics were mirror polished on both surfaces,
with an average thickness of 3.93 mm.
2. 2

Characterization

Microstructures of the samples were observed by a
scanning electron microscope (SEM, JSM-6510, JEOL,
Kariya, Japan). Relative densities of the samples were
determined using the Archimedes method. X-ray
photoelectron spectra were obtained by a multifunctional
imaging electron spectrometer (Thermo ESCALAB
250Xi, USA). The phase structures of the samples
were identified by the X-ray diffractometer (Bruker D2,
Karlsruhe, Germany), and the lattice constants were
calculated by the TOPAS software. Transmittance spectra
of the ceramics were recorded by using an ultraviolet–
visible–near infrared (UV–Vis–NIR) spectrophotometer
(Lambda 950, Perkin-Elmer, Waltham, USA), and the
thicknesses of Pr:Y2O3 ceramics for transmittance
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measurement were 3.76 mm (0.5 at% Pr, H2/Ar annealed),
3.64 mm (0.5 at% Pr, O2 annealed), 4.22 mm (1.0 at%
Pr, H2/Ar annealed), and 3.70 mm (1.0 at% Pr, O2
annealed). The excitation spectra and emission spectra
of the ceramics were measured by the spectrophotometer
(FLS 980, Edinburgh Photonics, Edinburgh, UK).

3

Results and discussion

Figure 1(a) shows the X-ray diffraction (XRD) patterns
of the Pr:Y2O3 precursor and the calcined Pr:Y2O3
powder. It can be seen that the precursor was amorphous.
After calcining, the powder was well crystallized into
cubic Y2O3 phase. The XRD patterns of the calcined
powder matched well with the standard PDF card
(PDF#86-1326). Meanwhile, the secondary phase was
not detected in the calcined powder. The morphologies
of the precursor and calcined powder were presented in
Figs. 1(b) and 1(c). Both the precursor and the calcined
powder exhibited good dispersibility, without the
detection of large agglomerations.
Figures 2(a)–2(h) show the SEM images of the 0.5
and 1.0 at% Pr:Y2O3 ceramics vacuum sintered at different
temperatures for 7 h. As the sintering temperature
increased from 1450 to 1490 ℃, the relative densities
of the 0.5 and 1.0 at% Pr:Y2O3 ceramics were increased
to ~91.7% and ~90%, respectively, while the average
grain sizes were just below 1 μm. With the further rise
of sintering temperature, obvious grain coarsening
emerged, leading to the de-attachment of pores from
grain junctions (marked with red circles in Figs. 2(c),
2(d), 2(g), and 2(h)). For example, at the sintering
temperature of 1510 ℃, a certain number of pores had
been de-attached from grain junctions due to the grain
growth. These pores were located between the surfaces
of adjacent two grains or trapped by grains (intragranular
pores).

To further densify the Pr:Y2O3 ceramics, all the
vacuum-sintered samples were HIPed at 1450 ℃ for
3 h. After HIP, we found that the 0.5 at% Pr:Y2O3
samples vacuum sintered either at 1450 or 1490 ℃
could achieve good transparency. However, the 1.0 at%
Pr:Y2O3 ceramics only vacuum sintered at 1490 ℃
were well densified after HIP. The other samples were
completely opaque. It means that the selection of suitable
pre-sintering temperatures and right microstructures
before HIP was critical to obtain high density of the
final sintered bodies. In the case of Pr:Y2O3 ceramics,
the range of selectable pre-sintering temperatures was
narrow (only around 1490 ℃). Only the pre-sintered
samples with a relative density in the range of
90%–92% were fully densified after HIP. The densified
samples had homogeneous and pore-free microstructures,
with an average grain size of approximately 1 μm, as
shown in Fig. 3, the mirror-polished surfaces of which
were thermal etched at 1300 ℃ for 3 h.
The densified Pr:Y2O3 transparent ceramics were
annealed either in oxidizing (flowing O2) or reducing
(5% H2/95% Ar) atmosphere. In order to better clarify
the influence of the annealing atmosphere on the
valance states of Pr ions, we additionally prepared high
concentration Pr-doped Y2O3 ceramics (5 at% Pr), and
the measured X-ray photoelectron spectroscopy (XPS)
spectra are shown in Fig. 3. It is revealed that no
matter what annealing atmosphere was used, trivalent
and tetravalent Pr ions tend to co-exist in the Pr:Y2O3
ceramics, as shown in Figs. 4(a) and 4(b). The peaks of
~928 and ~933 eV are attributed to Pr3+, while the ones
with the binding energy of ~931 and ~935 eV correspond
to Pr4+ [22]. The fitting results show that annealing in
flowing O2 has significantly increased the proportion
of the tetravalent Pr ions. Figures 4(c) and 4(d) exhibit
the O 1s spectra of the 5 at% Pr:Y2O3 ceramics. The peak
with the binding energy of ~529.0 eV represents the
lattice oxygen of Y2O3 [23]. Since Y2O3 is hygroscopic

Fig. 1 (a) XRD patterns and (b, c) SEM morphologies of the precursor and calcined powder of Pr:Y2O3.
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Fig. 2 SEM images of Pr:Y2O3 ceramics doped with (a–d) 0.5 at% and (e–h) 1.0 at% Pr after vacuum sintering at different
temperatures; (i) relative density and (j) grain size as functions of the sintering temperature.

Fig. 3 SEM images of (a) 0.5 at% and (b) 1.0 at% Pr:Y2O3 ceramics after vacuum sintering (1490 ℃) and HIP.

and tends to absorb moisture and carbon dioxide when
exposed to air [24,25], the peak at ~531.4 eV could be
related to the hydroxyl groups, and that at ~532.2 eV
corresponds to the C=O and O–C=O bonds [26]. The
sub-peak representing the reduced yttrium oxide
(~530.4 eV) is observed in the H2/Ar-annealed sample
(Fig. 4(c)) [27]. This peak is not detected in the
O2-annealed sample (Fig. 4(d)), implying that annealing
in O2 has effectively eliminated oxygen vacancy point
defects.
It has been proven that annealing in O2 will generate
more Pr4+. The ionic radius of Pr3+ (0.99 Å) is much
larger than that of Pr4+ (0.85 Å) [28]. In this point of

view, annealing in O2 tends to result in the decrease of
lattice constant due to Pr4+. Figure 5 shows the XRD
patterns of the 1.0 at% Pr:Y2O3 transparent ceramics
with different annealing atmospheres. It can be seen
that both ceramics had an XRD spectrum identical to
that of the pure cubic Y2O3 phase (PDF#74-1828).
Compared with the samples annealed in the reducing
atmosphere, the diffraction peaks of the oxygen-annealed
Pr:Y2O3 ceramics slightly shifted towards lower angles.
The lattice constant of the Pr:Y2O3 annealed in O2 was
determined to be 10.60267 Å, while that of the sample
annealed in H2/Ar atmosphere had a smaller value of
10.60246 Å. It seems contradictable to the expectation
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Fig. 4 XPS spectra of (a, b) Pr 3d5/2 and (c, d) O 1s for the 5 at% Pr:Y2O3 ceramics with different annealing atmospheres.

Fig. 5 XRD patterns of the 1.0 at% Pr:Y2O3 ceramics annealed with different atmospheres.

that the Pr:Y2O3 with a larger proportion of Pr4+ would
have a smaller lattice constant. Obviously, some other
factors could have contributed to the lattice expansion
during O2 annealing, e.g., the elimination of oxygen
vacancies or even the formation of oxygen interstitials
[29]. The effect of O2 annealing on the variation of
defects and valence states might be summarized as

1
O 2 (g)  Oi  2h
2

(1)

Pr 3  h  Pr 4

(2)

From Eqs. (1) and (2), an oxygen-rich annealing

environment could favor the formation of oxygen
·
interstitials ([O″])
and electron holes ([h]). Therefore, a
i
·
3+
Pr ion would tend to capture one [h] and form a
tetravalent Pr4+, which might explain the experimental
observation.
Figure 6 shows the in-line transmittance spectra and
the photograph of the Pr:Y2O3 ceramics with different
annealing conditions. The Pr:Y2O3 ceramics annealed
in the reducing atmosphere showed light green color,
while those annealed in the O2 atmosphere were dark
brown. The H2/Ar-annealed samples had two absorption
bands in the visible wavelength range, corresponding
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Fig. 6 (a) Transmittance spectra of the annealed Pr:Y2O3
transparent ceramics doped with 0.5 and 1.0 at% Pr and (b)
photograph of the 1.0 at% Pr:Y2O3 transparent ceramics
with different annealing atmospheres.

Fig. 7 (a) Excitation spectra and (b) emission spectra of
the 0.5 and 1.0 at% Pr:Y2O3 transparent ceramics
annealed in different atmospheres, and (c) photograph of
a H2/Ar-annealed 0.5 at% Pr:Y2O3 ceramic under the
illumination of a He–Ne laser beam.

to Pr3+:3H4 → 3P0,1,2 + 1I6 (450–500 nm) and 3H4 → 1D2
(560–640 nm) transitions [30]. In contrast, the absorption
edges of the O2-annealed samples were red-shifted to a
much longer wavelength of 500 nm, which is attributed
to the high concentration of O″i defects and the charge
transfer between O2− and Pr4+ [31,32].
Additionally, it is worth mentioning that in the
near-infrared region, the samples annealed in the two
atmospheres showed the same absorption trend. It is
recognized that the absorption band at around 1000 nm
could be assigned to the Pr3+:3H4 → 1G4 transition; both
the transitions of Pr3+:3H4 → 3F3 + 3F4 and Pr4+:Γ7 → Γ6
had contributions to the absorption band centered at
~1500 nm; the broad absorption band ranged between
1750 and 2000 nm also had the possibility of partial
overlap of the transition absorption of Pr4+:Γ7 → Γ8’ and
Pr3+:3H4 → 3F2; the absorption peak at 2332 nm may
originate from the transition of Pr3+:3H4 → 3H6 [30,33,34].
Figure 7(a) shows the excitation spectra of the
Pr:Y2O3 ceramics annealed in different atmospheres.
By monitoring the Pr3+ 630 nm emission, a broad
excitation band with the range of 425–520 nm could be
observed, which was ascribed to the 4f–4f transitions
of 3H4→1I6 and 3Pj (j = 0, 1, and 2) [21]. Accordingly,
the emission spectra of Pr:Y2O3 ceramics under 471 nm
excitation are shown in Fig. 7(b). The H2/Ar-annealed
sample with 0.5 at% Pr exhibited the strongest 1D2 → 3H4
transition of Pr3+ [14]. When the concentration of Pr

was increased to 1 at%, the Pr3+ luminescent intensities
were diminished drastically, possibly due to the
concentration quenching effect. It is known that when
the doping concentration of Pr is higher, the distance
among Pr ions will be lowered, therefore increasing the
possibility of cross-relaxation process (1D2 → 1G4 +
3
H4 → 3F4, 1D2 → 3F4 + 3H4 → 1G4) [35]. In this case,
the energy transfer between adjacent Pr ions would be
pronounced, resulting in the quenching of 1D2 emissions
[36]. Compared with the 5% H2/95% Ar-annealed
samples, the O2-annealed ones exhibited much weaker
1
D2 → 3H4 and 1D2 → 3H5 transitions due to the decreased
proportion of Pr3+.
Based on the characteristics of the emission spectra,
the 0.5 at% Pr:Y2O3 ceramics might be a promising
gain medium for solid-state red laser. Up to now, there
has not been literature reporting the lasing from a
Pr-doped ceramic gain medium. One reason is that
lasing at the visible wavelength region has high
requirements for the scattering loss of the gain medium.
It is technically difficult to obtain a real “pore-free”
laser ceramic. In this work, the in-line transmittances
of the Pr:Y2O3 ceramics had an obvious decrease in the
visible wavelength range. This phenomenon was more
pronounced in the O2-annealed samples (Fig. 6(a)). To
inspect the scattering, one of the representative Pr:Y2O3
transparent ceramics was illuminated under a He–Ne
laser beam, as shown in Fig. 7(c). It is seen that the
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laser path was hardly observed inside the sample,
indicating that the pore scatterings were not so serious.
Considering that there is still a certain proportion of
Pr4+ in the samples (shown in XPS spectra (Fig. 4(a)),
we think that the decrease of transmittance in the visible
range was also largely originated from the existence of
Pr4+ point defects. To avoid the deterioration of
short-wavelength transmittance, further efforts should
be made to optimize the powder synthesis process and
HIP temperature. This is to ensure the elimination of
residual small pores to the greatest extent. On the other
hand, in order to further increase the conversion efficiency
of Pr3+, annealing conditions should be optimized. It
might be helpful to increase the proportion of H2
atmosphere during the annealing. The annealing
temperature and annealing time could also be adjusted
to decrease the proportion of Pr4+.
In view of phonon energy, the gain medium used for
visible laser needs to have phonon energy as small as
possible. Apart from fluoride materials, Pr visible lasers
have also been achieved before in some oxide single
crystals, such as Pr:YAP [37,38], Pr:LuAlO3 [39], and
Pr:SrA112O19 [40]. The phonon energy of YAP is 550 cm−1,
which is very close to that of Y2O3 (560 cm−1). From
this perspective, it is promising that the phonon energy
of Pr:Y2O3 may not be a serious constraint for visible
lasers. It would be inspiring if a red solid-state laser
can be achieved from the Pr:Y2O3 ceramics in the near
future.

4

Conclusions

Y2O3 transparent ceramics doped with 0.5 and 1.0 at%
Pr were sintered by using vacuum sintering and HIP.
After vacuum sintering at 1490 ℃ for 7 h and HIP at
1450 ℃ for 3 h, the fabricated samples showed dense
microstructures with the average grain sizes of about
1 μm. The valence states of Pr ions varied with different
annealing atmospheres. The samples annealed in
oxygen atmosphere showed dark brown color and had
an absorption edge of 500 nm due to the introducing of
[Oi″] defects. In contrast, the 0.5 at% Pr:Y2O3 ceramics
annealed in 5% H2/95% Ar atmosphere had light green
color and showed an obvious blue-shift of the absorption
edge. In addition, the 5% H2/95% Ar-annealed sample
exhibited much stronger red emission intensity (1D2 →
3
H4 transition). The 0.5 at% Pr:Y2O3 ceramics annealed
in 5% H2/95% Ar atmosphere had an in-line transmittance

of 80% at the wavelength of 800 nm, which is very
promising for realizing red solid-state lasers.
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